This study examined why an artery becomes vulnerable to spasm when used as a bypass graft. We hypothesized that high flow demands would decrease pressure distally in the conduit (afterload), thus increasing the sensitivity to vasoconstrictors. Furthermore, perioperative endothelial dysfunction would additionally sensitize the artery to constrictors. Six gastroepiploic arteries (GEA, 1.0-1.5 mm diameter, 11 cm length) were harvested from adult pigs (110-125 kg) and mounted on a computer-controlled perfusion system• The inflow pressure was set at 80 mmHg and outflow resistance was adjusted to simulate normal (in situ) or high (coronary bypass graft) flow demands• Gastroepiploic flow and distal pressures were measured at baseline [B] and after adding norepinephrine (NE, 10 .9 M to 10 -5 M). Under normal flow demand, a minimal pressure drop existed across the GEA and flow decreased only at high NE concentrations. High flow demand decreased distal GEA pressure and increased the sensitivity to NE. To block endothelial function
Introduction
Since the unequivocal demonstration of improved graft patency, patient survival, and fewer late postoperative cardiac complications, the internal thoracic artery (ITA) has become the conduit of choice for coronary artery bypass surgery [3, 20, 23] . Almost all ITA grafts are patent at 10 years, while two-thirds of saphenous vein grafts are occluded or diseased after this time. Thus, numerous attempts have been made to expand the use of arterial grafts. Some surgeons perform bilateral ITA grafting, while others use gastroepiploic (GEA), inferior epigastric, and/or radial artery grafts in an effort to bypass coronary artery obstruc-tions with conduits that are disease-resistant [1, 5, 15, 21, 32, 34] .
However, initially the arterial graft delivers less flow to the coronary arteries in comparison with saphenous vein grafts [10] , and this lower flow can be further reduced by spastic reactions of the artery [34] . Insufficient graft flow can result in early and late myocardial ischemia [2, 10, 13, 16] , and arterial grafts may be particularly vulnerable if the initial native flow requirement is high. Such conditions may exist when a small artery is grafted to a coronary bed with a large distal runoff, as may occur with sequential grafting [15] ; or when the arterial graft serves a perfusion bed with a physiologically increased resting flow requirement, as may occur with ventricular hypertrophy [14, 24, 35] or when a patent vein graft is replaced with an ITA graft during coronary re-operation [24] .
This study examined why an artery that normally does not exhibit spasm becomes vulnerable to spasm when used as a bypass graft. We hypothesized that high flow demands would decrease arterial pressure (afterload) and thus increase the sensitivity to constrictors. In addition, perioperative endothelial dysfunction would further sensitize the artery to constrictors. To eliminate neural and humoral effects, an in vitro perfused artery preparation was used [31] . The present study examined how pressure, flow and endothelial function effect the onset of vasospasm. We examined the response to norepinephrine-induced constriction in in-vitro perfused GEAs. These responses were measured at high and low flow rates with and without endothelial dysfunction.
Methods
The porcine tissue used in this study was handled in the laboratory according to the guidelines set by the American Physiological Society. Our Animal Care and Use committee approved this protocol.
Experimental preparation
Fresh porcine stomachs were obtained from a local slaughter house and transported to our laboratory within 15 mm post-slaughter. The stomachs were immersed in cold physiological salt solution (PSS, approx. 5°C) while being transported. Upon reaching the laboratory, the GEA was excised from the stomach wall using an electrocautery kmfe and the arterial branches were occluded using small hemoclips. The artery (10-12 cm in length) was then canulated with a trimmed 14 gauge angiocatheter and attached to the perfusion system. The perfusion system (Fig. i) consists of a flow pump (Masterflex Model 7013) I. a reservoir, an arterial bath, and two distal resistances. The reservoir (100 ml) and arterial bath contained a PSS composed of (mM): NaC1 130 0, KC1 4.7, CaC12 1.6, KH2PO 4 1.2, MgSO40.7, NASO42.4, NaHCO314.9 dextrose 5.5 and EDTA Pressures proximal and distal to the arterml segment were measured. The pressure transducers 2 were carefully cahbrated to ensure equal sensitivity by simultaneously exposing the pressure transducers to the same pressure. The computer maintained a constant perfusion pressure. The output signal from the feedback control circuit ( Fig. 1 ) was used to provide perfusaon flow rates and was calibrated by timed collections using a graduated cyhnder. All data were recorded on a physiological recorder (model 1000) 3. The proximal and distal pressure signals were processed with an analog-to-digital converter (Model STA-AP Board) 4 and supplied to an Apple II+ microcomputer 5. In all experiments, a constant perfusion pressure (80 mmHg) was applied to the arterial segment and the artery was allowed to stabilize for 2 h. The arterial length and perfusion pressure were kept constant throughout subsequent interventions.
Experimental protocol
With the perfusion pressure at 80 mmHg, the high distal resistance was selected. This gave a flow rate of about [15] [16] [17] [18] [19] [20] [17] . After bypass surgery, this rate would increase slightly (120-140 ml/mm) [29, 37] . The NE dose-response relatmn was determined as described above. In half the experiments, this order was reversed, i.e. low distal resistance and high flow on the first exposure to NE, htgh distal resistance and low flow on the second exposure to NE.
Upon completion, the PSS was changed and the GEA was once again stabihzed for 2 h under low distal resistance. One hour into the stabillzatmn period, NG-Monomethyl-L-Arginine, Monoacetate (L-NMMA, 10 .5 M) was added to the perfusate to block endothelial functmn and allowed to mrculate for 1 h. This allowed us to determine GEA sensitiwty to NE w~thout functioning endothelium [38] . Upon completmn of the stabilizanon period and with L-NMMA in the perfusate, a third dose response to NE was conducted. The perfusate was replaced and the artery flushed with fresh PSS. The artery was then pre-constricted with NE to produce about a 50% response. AcetyIchohne (10-910 -5 M) In four additional studies, arteries were pre-treated with L-NMMA and then tested under low and high flow conditmns During the beginning 2 h stabilization period, at normal flow conditions, L-NMMA (10 -5 M) was added to the perfusate 1 h prior to the start of NE dose response. With L-NMMA circulating, NE was incrementally added to the perfusate as described above. Upon completion, the perfusate and arterial bath were replaced with fresh PSS. The distal resistance was decreased, as described above, to allow for maximal flow conditions and the arteries were stabilized for 2 h. At 1 h into the stabilizatmn period, L-NMMA was once again added to the perfusate to block endothelial functmn. On completion of the stabilization period, a second dose response to NE was conducted.
The perfusate was replaced with fresh PSS and the artery flushed. Endothelial funcnon was tested using acetylchohne as described above.
Data analysis
The arterial resistance was calculated as proximal pressure minus distal pressure divided by flow. The mean and standard dewations were calculated for the lnitml and final values for flow, pressure, and distal resistance. For each NE dose-response, the half maximal effective concentration was determined by a log-loglt transformatmn of the dose-response relationship for each expenment by solving for the 50% dose level. The pressures, flows, and resistance values were compared using a Student's t-test with a Bonferrom correction for multiple comparison where appropriate. In this example, the GEA was perfused at 80 mmHg with a high distal resistance; i.e., normal flow demands. At the arrows, NE was added in an incremental fashion to the perfusate and the pressure and flow data were recorded continuously. The distal pressure and flow began to decrease at an NE concentration of 3.3 x 10 .8 M. Distal pressure and flow continued to decrease as the NE concentration increased (ED50=1.55 x 10-7). For the same artery, Fig. 2b (middle panel) shows the response at 80 mmHg with a low distal resistance; i.e., supramaximal flow demands. Compared to Fig. 2a , the initial flow was much higher and the initial distal pressure was lower because of the viscous pressure losses caused by the higher flow rates. Again, NE was added incremen- Figure 3 shows a typical response to acetylcholine. At the end of every experiment, the artery was pre-constricted with NE. Acetylcholine (10 .9 to 10 -5 M) was then incrementally added to the perfusate. In this example, with the endothelium function blocked, acetylcholine constricted the vessel. Table 1 summarizes the results of all experiments. With normal flow demands, NE caused a dose-dependent decrease in distal pressure and flow, and an increase in arterial resistance. Decreasing the distal resistance increased the initial flow, decreased the initial distal pressure, and increased the sensitivity to NE. Lowering the distal resistance increased, by more than fourfold, the sensitivity to NE (EDso=3.86x 10 -7 M to 9.75x 10 -8 M). In addition, by blocking the endothelium with L-NMMA, the sensitivity to NE was further increased fivefold (9.75×10 -8 N to 2.11X10 -8 M).
M)
In four additional studies, we determined if going from normal to supramaximal flow demands would still increase the sensitivity to NE when endothelial function was already abnormal. In Fig. 4a (top panel) , the artery was pretreated with L-NMMA and then the response to NE was recorded. Under normal flow conditions, the artery did not begin to constrict until high concentrations of NE were reached (10 -7 M) with a resulting ED5o of 7.99 x 10 -7 M. 
Discussion
We examined potential mechanisms for insufficient graft flow and susceptibility to vasoconstriction in GEA arteries. Porcine GEA arteries were examined in an in vitro, perfusion system. The key findings are: 1) with normal flow demands, NE-induced vasoconstriction caused a slight decrease in flow, and this flow decrease only occurred at high NE concentrations, 2) increasing flow demands increased the sensitivity to NE and led to large decreases in flow, 3) endothelium dysfunction further increased the sensitivity to NE, 4) this flow demand-induced increase in sensitivity to NE occurred with both normal and dysfunctional endothelium. For the two experimental groups, Fig. 5 highlights the increased sensitivity to NE caused by increasing flow demands. With normal endothelial function, going from normal to supramaximal flow demands caused a fourfold increase in sensitivity. When endothelial function was abnormal, going from normal to supramaximal flow demands still caused an increase in sensitivity to NE. This increase was significantly greater (P<0.05) than the increased sensitivity obtained when endothelial function was normal.
Mechanism
We believe that the interaction of intraluminal pressure changes, endothelial function, and vasoconstriction can explain the results of this study. Although often overlooked, intraluminal arterial pressure is a major determinate of vessel size and is the afterload against which vasoconstrictors work [7] . The pressure-induced vessel dimension changes equal the vasoconstriction-induced dimensional changes in magnitude. Germane to the present study, the effects of vasoactive agents are directly related to intraluminal pressure, i.e. high arterial pressures (afterload) inhibit vasoconstriction. In one study that used a uniform vasoconstriction stimulus [7] , the arterial diameter decreased by 30% at an intraluminal pressure of 20 mmHg, whereas no effective vessel shortening occurred when the intraluminal pressure was above 140 mmHg.
In normal large conduit arteries, localized vasoconstriction does not alter intraluminal pressure. Thus, arterial pressure is ignored when considering vasoreactivity. However, in stenotic arteries, by the conversion of potential to kinetic energy and in long bypass arterial grafts by accumulative viscous energy losses, intraluminal pressure can change substantially. In previous studies on stenotic arteries, we observed a close relationship between intraluminal pressure changes, flow and dimensions [ 18, 33] . Exaggerated shortening occurred when the stenotic arterial distending pressure decreased. Associated with the pressure decrease, flow abruptly decreased to near or total occlusion. In another study, changing stenotic pressure altered the hemodynamic response to NE [12] . Stenotic pressure was increased by increasing the perfusion pressure or adding collaterals, and was decreased by decreasing the perfusion pressure or decreasing distal resistance. Interventions that raised stenotic pressure increased the threshold concentration of NE required to reduce flow, while interventions that lowered stenotic pressure decreased the threshold concentration of NE. These pressure-induced alterations in the hemodynamic responses did not occur in normal arteries [ 12] .
We believe that this same interaction of intraluminal pressure and vasoconstriction can explain how a normal artery becomes susceptible to spasm when used as an artery graft. With normal flow demands, only a small pressure drop occurs along the length of the artery. Under these conditxons, flow decreased only at high NE levels. However, after bypass, a small diameter artery experiences much higher flow rates than normal. These supramaximal flow rates cause large pressure drops along the length of the vessel (see Figs. 2 and 3 , and Table 1 ). Under these conditions, vasoconstrictors can reduce the luminal area, leading to further decreases in intraluminal pressure, i.e. a positive feedback mechanism. Thus, in an arterial graft, as the artery begins to constrict, the intraluminal pressure opposing constriction (afterload) decreases dramatically. The combination of constriction and pressure decreases results in exaggerated diameter reductions and can cause vasospasm with a paradoxical decrease in flow. The endothelium also determines vessel size by releasing EDRF as flow rates through the vessel increase [30] . This matches artery size to normal flow demands, and lets flow increase through the vessel with only minimal drops in perfusion pressure. However, there is a limit to this flowinduced vasodilatation. Acutely, if flow exceeds the normal maximal demands, accumulative viscous pressure losses can occur as we observed. In our study, supramaximal flow demands increased the sensitivity to NE with both normal and abnormal endothelial function. We would interpret this as indicating that the intraluminal pressure decrease has a fundamental effect on vessel reactivity: the reduced afterload allows greater decreases in arterial diameter for the same vasoconstriction stimulus. However, the endothelium helped to buffer this effect: the increased sensitivity to NE with supramaximal flow demands was greater when the endothelial function was abnormal (Fig. 5) .
As might be expected, the endothelium has a significant role in the vasoreactivity of arteries used for grafting. Preconstricted ITA and GEA rings show a potent endotheliumdependent response when exposed to acetylcholine [6, 22, 39] . Inhibition of nitric oxide formation by L-NMMA markedly reduced endothelium-dependent relaxation to acetylcholine and enhanced the sensitivity of the ITA to NE [38] . However, endothelial function is probably preserved following coronary artery bypass surgery. In patients, acetylcholine was selectively infused into the graft on the left anterior descending coronary artery, and the effect was assessed by quantitative arterography. The native coronary artery distal to the anastomosis contracted in response to acetylcholine. In contrast, the ITAs did not constrict following acetylcholine and in 33% of the cases dilation was observed; whereas, 20% of the saphenous vein grafts showed a slight reduction in lumen diameter after adrenal cortical hormone [36] . Thus, the endothelium of arteries used for grafting has a strong capacity to secrete vasodilators and inhibitors of platelet activity. In the present study, blocking endothelial function increased the sensitivity to NE.
Implications
In this study, supramaximal flow demands increase the sensitivity of the arterial grafts to NE, with resulting effective EDs0 s within the range of perioperative circulating NE levels. In normal individuals, mean circulating NE levels are about 1.67x 10 .9 M and increase to 5.6x 10 9 M with activity [17] . Anesthesia and coronary artery bypass surgery raise NE levels from 200 to 700 pg/ml (1.2×10 -~ to 4.1 x 10 .9 N) and these levels remain elevated for up to 24 h after surgery [9] . In instances of deep hypothermia with circulatory arrest, the NE levels are even higher with a mean peak concentration of 4543 pg/ml (2.7x10 -8 N) reached during re-warming. Thus, with supramaximal flow demands, the effective EDso s are within the range of circulating NE levels that occur during the perioperative period, and can render the arterial grafts susceptible to spasm.
In many patients, postoperative myocardial perfusion may not be exclusively dependent on ITA graft flow because of good collateral circulation or the absence of critical coronary stenosis. In such cases, early ITA vasospasm is unlikely to be a clinical problem. However, in other patients, such as those with critical coronary stenosis, ventricular hypertrophy, replacement of vein grafts at re-operation or multiple arterial grafts, high graft flow may be a prerequisite for maintaining adequate myocardial function. For instance, the Cleveland Clinic has recently reported on a series of patients who had disastrous results when a diseased vein graft to a totally occluded left ante-rior descending coronary artery was ligated and replaced with a ITA graft [23] . In 104 such patients, the evidence of hypoperfusion in the distribution of the left anterior descending coronary artery was present in 19 patients (18.9%). It appears that the heart was dependent on high flows through the diseased vein graft, When this was replaced by a mammary artery graft, inadequate flow occurred possibly due to the mechanism outlined in this study.
Critique of methods
Obviously, care must be taken when extrapolating experimental animal data to the human situation. By using perfused arterial segments, we were able to examine the complex interaction between vasoconstriction, endothelial function, and intraluminal pressure: information that could not be obtained from an isolated arterial ring preparation. By varying the proximal pressure and distal resistance, we were able to examine different physiological situations and flow characteristics and obtain clinically relevant hemodynamic data. Yet, the differences between the in-vitro preparation and the human situation need to be kept in mind. Using isolated arteries eliminated neural and humor effects. Thus, our observations may be more relevant to a free graft than to a pedicle graft. The arteries were perfused at a steady, non-pulsatile pressure. In previous studies, we observed no qualitative differences between the steady pressure responses and whole animal observations [4, 26, 27, 28] . Although we only used GEA in this study, we have recently examined porcine ITAs and have observed that these arteries behave in a similar fashion to the GEAs [31] . As per species variations, in a study by Li and associates [19] , human and porcine GEA and internal mammary artery rings were examined under various contractile and relaxation responses. Their results showed that the species types were very similar in their responses and that the human and porcine GEA exhibited pronounced contractions to vasoconstrictor agents such as NE, potassium chloride, and serotonin.
Summary
Surgeons should be aware that high flows through long slender arterial grafts result in the development of pressure gradients across the conduit. Reduced pressure in the distal part of the graft may predispose to the development of graft spasm. Superimposed endothelial injury may increase the susceptibility of grafts to spasm. Addition research is necessary to elucidate situations which may result in excessive graft flow and strategies must be devised to ensure that individual arterial grafts are adequately supported by native collateral circulation or by supplemental bypass grafts.
Discussion
Dr. G. Fraedrich (Fretburg, German) ).
We found out that about 30% of the distal part of the internal mammary artery is of the muscular type. We found out that about 40% of these specimens had signs of mild intimal hyperplasia, and in these specimens we found a high amount of endothehn-1, which is a potent vasoconstricter. So I think besides the physical impact you have shown, there are some morphological and biochemical reasons, too, why the internal mammay artery can react with spasm. So my questmn is, did you look at the morphology of your specimens ~ P. A. Spence: First of all, I would have to agree with what you said. We did not look at the morphology. We harvested these arteries and placed them on the perfusion apparatus. I am sure the process is much more complicated than what I have presented here, but I do think high flow demand may be one of the factors that may contribute (in the appropriate pharmacological milieu) to produce spasm in arterial grafts.
Dr. H. Suma (Rome, Italy). My question is. how do you bring the results of this study up to clinical implication? How can you tell the gastroep@oic artery anastomosed to the distal coronary artery has "high flow" compared to that of the artery attached to the stomach itself? Also. I think the gastroeplploic artery is usually taken down with surrounding thick, fast tissues carefully, so there may be no significant damage m the endothelium.
Dr. P. A. Spence:
If I understood correctly, how would you determine this at the time of surgery, I think It would be very difficult to do this. It would probably present on clinical grounds and would probably be based no a suspicion that something was going wrong with the graft at the time. I would think that the most important clinical message would be that, in the particular situation where you have a large runoff, the artery should probably be dilated carefully or pharmacologically treated to try and prevent spasm, because it would be hard to do anything about it later.
